When Escherichia coli is grown in a medium lacking glucose or another preferred carbohydrate, the concentration of cAMP-cAMP receptor protein (cAMP-CRP) increases, and this latter complex regulates the expression of more than 180 genes. To respond rapidly to changes in carbohydrate availability, E. coli must maintain a suitable intracellular concentration of cAMP by either exporting or degrading excess cAMP. Currently, cAMP export via the TolC protein is thought to be more efficient at reducing these levels than is CpdA-mediated degradation of cAMP. Here, we compared the contributions of TolC and CpdA by measuring the expression of cAMP-regulated genes that encode tryptophanase (TnaA) and b-galactosidase. In the presence of exogenous cAMP, a tolC mutant produced intermediate levels of these enzymes, suggesting that cAMP levels were held in check by CpdA. Conversely, a cpdA mutant produced much higher amounts of these enzymes, indicating that CpdA was more efficient than TolC at reducing cAMP levels. Surprisingly, expression of the tnaA gene halted rapidly when glucose was added to cells lacking both TolC and CpdA, even though under these conditions cAMP could not be removed by either pathway and tnaA expression should have remained high. This result suggests the existence of an additional mechanism that eliminates intracellular cAMP or terminates expression of some cAMP-CRP-regulated genes. In addition, adding glucose and other carbohydrates rapidly inhibited the function of pre-formed TnaA, indicating that TnaA is regulated by a previously unknown carbohydrate-dependent post-translational mechanism.
INTRODUCTION
cAMP is a broadly used second messenger in both bacteria and eukaryotes, relaying external signals to internal effectors so that cells can respond to changing environmental conditions (McDonough & Rodriguez, 2012) . In bacteria, the cAMP receptor protein (CRP) is activated by cAMP binding, and the complex regulates the transcription of genes involved in diverse physiological processes such as carbon catabolism, nitrogen assimilation, iron uptake, biofilm formation, antibiotic resistance, chemotaxis and virulence (Bai et al., 2011; Coggan & Wolfgang, 2012; McDonough & Rodriguez, 2012) . In Escherichia coli, the cAMP-CRP complex regulates the expression of over 180 genes (GutierrezRíos et al., 2007; Zheng et al., 2004) , so cAMP concentrations must be controlled tightly and promptly if these cells are to respond quickly and appropriately.
In E. coli, cAMP is synthesized from ATP by the adenylate cyclase, CyaA (Yang & Epstein, 1983) , and CyaA activity is regulated by the phosphoenolpyruvate (PEP)-carbohydrate phosphotransferase system (PTS) (Reddy et al., 1985) . The PTS phosphorylation cascade transfers a phosphoryl group from PEP via a chain of proteins (EI, HPr, EIIA and EIIB) until it is transferred to the sugar that is transported through EIIC (Deutscher et al., 2006; Escalante et al., 2012) . When PTS sugars are absent, the glucose-specific EIIA Glc protein is phosphorylated and interacts with CyaA to activate cAMP synthesis (Reddy & Kamireddi, 1998) . When PTS sugars are present, EIIA Glc is dephosphorylated and CyaA is not activated, leading to decreased cAMP levels and a reduced expression of genes encoding enzymes that process secondary carbon sources (Reddy & Kamireddi, 1998) . This regulatory system is known as catabolite repression (Deutscher et al., 2006; Escalante et al., 2012) .
One way in which E. coli regulates the intracellular concentration of cAMP is by producing a phosphodiesterase (CpdA) that degrades cAMP (Imamura et al., 1996) . In addition, E. coli actively exports cAMP so that an appreciable amount is found in the growth medium via a process that involves TolC, the pore protein of several efflux systems (Bettenbrock et al., 2007; Goldenbaum & Hall, 1979; Hantke et al., 2011) . By comparing the effects of deleting tolC or cpdA on b-galactosidase production and on maltose utilization, Hantke et al. (2011) concluded that E. coli reduces cAMP levels most efficiently via the TolC export pathway. Here, we report the opposite: CpdA removes more cAMP than does TolC regardless of whether the cells are grown under conditions that induce catabolite repression. Specifically, in the presence of exogenous cAMP, tryptophanase (TnaA) and b-galactosidase (LacZ) were produced to higher levels in mutants lacking cpdA than in cells lacking tolC. Surprisingly, however, even when cAMP was synthesized internally, tnaA expression ceased after glucose was added to a mutant lacking both cpdA and tolC, which implies the existence of a separate carbohydratedependent mechanism that eliminates cellular cAMP or controls tnaA expression. A final surprise was that glucose inhibited the activity of pre-formed TnaA, indicating that TnaA function is also regulated by an unknown posttranslational mechanism.
METHODS
Bacterial strains and growth conditions. E. coli strains are listed in Table 1 . Strains SP850 and JW5503 served as sources for the DcyaA : : kan and DtolC : : kan alleles, respectively (Baba et al., 2006; Shah & Peterkofsky, 1991) . Kanamycin (50 mg ml 21 ), chloramphenicol (10 mg ml 21 ) or ampicillin (100 mg ml 21 ) was added to growth media as required. Strains were grown overnight in Luria-Bertani (LB) medium supplemented with 0.4 % glucose. Overnight cultures were diluted 1 : 100 into 2 ml LB medium with or without 0.2 % glucose and incubated with shaking at 37 uC. When applicable, various amounts of sodium cAMP (Sigma-Aldrich) were added after 1 h, and the cultures were incubated for an additional 3 h. To induce b-galactosidase, cells were incubated with IPTG (1 mM final concentration) and cAMP (0-10 mM) for 75 min, as described previously (Hantke et al., 2011) .
Genetic manipulations and plasmid construction. Chromosomal genes were deleted by using l-Red recombination (Datsenko & Wanner, 2000) . The appropriate primers are listed in Table 2 . To construct GL348 (Dcrp : : kan), GL350 (DcpdA : : kan), GL617 (Dcrr : : kan) and GL736 (DptsN : : kan), the kan cassettes were amplified from the chromosome of GL38 and inserted into the chromosome of MG1655, replacing the crp, cpdA, crr and ptsN genes, respectively. To construct GL500 (DcpdA : : frt tolC : : kan), the DtolC : : kan fragment was amplified from the chromosome of JW5503 and inserted into the chromosome of GL491 (DcpdA : : frt), replacing the entire tolC gene. Note that the kan cassette in GL500 could not be removed because cpdA and tolC are separated by only two genes, and attempts to remove the kan cassette always resulted in removal of the region between cpdA and tolC, as well. Plasmid pTacTolC was constructed by amplifying the tolC gene from the chromosome of MG1655, after which the product was ligated between the BamHI and HindIII sites of pACT3 (P tac lacI q Cam R ) (Dykxhoorn et al., 1996) , thus placing the gene downstream of an IPTG-inducible tac promoter (Dykxhoorn et al., 1996) . All constructs were confirmed by DNA sequencing or diagnostic PCR.
Assays. TnaA-sfGFP and indole amounts were assayed as described previously (Li & Young, 2013) . Cell samples were separated by SDS-PAGE, and TnaA-sfGFP was visualized by in-gel GFP fluorescence imaging (Li & Young, 2012) . b-Galactosidase was assayed by processing cells according to the standard Miller method in glass tubes, but the final absorbance was measured in 96-well plates, as described previously (Griffith & Wolf, 2002) .
RESULTS AND DISCUSSION
Some carbohydrates inhibit the production and activity of TnaA
The tnaA gene encodes a tryptophanase that transforms tryptophan to indole, and tnaA expression is inhibited by catabolite repression so that the protein is almost undetectable if glucose is present in the medium (Botsford & DeMoss, 1971; Isaacs et al., 1994) . We recently found that TnaA forms a single focus at mid-cell or at one of the cell poles (Li & Young, 2012) and wondered if the presence of carbohydrates would affect this behaviour. To test this, we added sugars to mid-exponential cultures and measured tnaA expression and the localization and activity of TnaA. Gene expression was inferred by measuring the amount of TnaA-sfGFP produced by the fusion gene at its native chromosomal position, and enzyme activity was determined by measuring the accumulation of indole. As expected, tnaA-sfgfp expression halted rapidly when glucose or arabinose was added, but not when glycerol was added (Fig. 1a) . This is consistent with the tnaA gene being controlled by lowered levels of cAMP during catabolite repression. Surprisingly, indole accumulation also ceased immediately upon the addition of glucose or arabinose, but not after addition of glycerol (Fig. 1b) . This indicated that, in addition to repressing gene expression, glucose and arabinose also inhibited the enzyme activity of pre-formed TnaA. Also, when cells were incubated in the presence of glucose or arabinose, TnaA-sfGFP was almost completely diffused throughout the cytoplasm instead of forming localized foci, whereas normal foci were formed when cells were grown in the presence of glycerol (Fig. 1d) . Similarly, indole production also ceased after glucose addition when the experiment was repeated in the parent strain MG1655, which produced WT TnaA (not shown). This result ruled out the possibility that glucose-dependent inhibition of TnaA enzyme activity was an artefact associated with the TnaA-sfGFP fusion protein. This regulatory mechanism was specific for TnaA because glucose did not affect the localization of GroES-sfGFP (Fig. 1e) , another polar protein identified previously (Li & Young, 2012) . These carbohydrate effects suggest that the function and localization of TnaA are regulated by a previously unknown posttranslational mechanism.
TnaA activity does not depend on cAMP
The reduced activity of TnaA might be caused by decreased levels of intracellular cAMP or cAMP-CRP. To test this, we placed the tnaA-sfGFP and tnaB chromosomal genes under control of the tufA promoter, which expresses this essential gene to high levels (Ishihama et al., 2008) . [The tnaB gene encodes a tryptophan-specific importer that supplies the substrate for indole production by TnaA (Li & Young, 2013) .] In this strain (E. coli GL619), the innate transcriptional controls are removed and tnaA and tnaB are expressed constitutively at high levels regardless of the presence or absence of cAMP (Li & Young, 2013) . When either glucose or arabinose was added to these cells, the cells grew normally (Fig. 2a) but indole production remained low (Fig. 2b) , even though in all these strains TnaA was present at equivalent levels throughout growth (Fig. 2d) . This indicated that a post-transcriptional regulatory step must be inhibiting TnaA. Because cAMP or cAMP-CRP might affect TnaA function, we deleted cyaA or crp from the same E. coli GL619 background and repeated the experiment. Both mutants grew more slowly (Fig. 2a) , but each mutant produced even Regulation of tnaA and the TnaA protein more indole than did WT cells (Fig. 2b ). This indicated, first, that neither cAMP nor CRP was required for TnaA activity and, second, that neither was responsible for the posttranscriptional inhibition of TnaA in the presence of glucose or arabinose. The Dcrp strain results also confirmed that TnaA regulation was not mediated by any of the genes activated by the cAMP-CRP complex. In short, glucose and arabinose inhibit the function of TnaA in a manner that does not depend on cellular cAMP levels or cAMP-dependent gene expression.
We next determined if adding these sugars affected the cellular localization of TnaA-sfGFP in cells that continuously expressed this protein. In the absence of added glucose, TnaA formed a single mid-cell or polar focus in all cells at mid-exponential phase (2 h), but gradually became diffuse so that only 18 % of cells contained foci when cells were in the late-exponential phase (5 h) (Fig. 2c, WT in LB) . This is consistent with the behaviour of this protein when expressed from its native promoter (Li & Young, 2012) . However, when glucose was added at the start of incubation, TnaA was present in a single focus per cell during mid-exponential growth (Fig. 2c , WT in LBglucose, 2 h), but these foci disappeared more quickly as the culture aged (Fig. 2c , WT in LB-glucose, 3 and 4 h). These results indicated that the presence of certain carbohydrates affected TnaA localization by accelerating the movement of TnaA from individual foci to being localized diffusely throughout the cytoplasm. Similarly, in DcyaA cells (i.e. in the absence of cAMP), TnaA formed a single focus at 2 h but was localized more diffusely at 3 and 4 h (Fig. 2c , DcyaA in LB). Likewise, in Dcrp cells that could still produce cAMP, the diffusion of TnaA-sfGFP was accelerated (Fig. 2c , Dcrp in LB). The results indicate that the formation of TnaA foci does not require cAMP. However, changes in cAMP or cAMP-CRP levels do alter the partitioning of TnaA between individual foci versus diffuse localization, although not as rapidly as does the addition of glucose. One possible explanation is that one or more cAMP-dependent gene products help prevent the premature disassembly of foci, for unknown reasons.
The preceding experiments suggested the possibility of a relationship between the presence of TnaA foci and the synthesis of indole. When indole production was monitored during the growth cycle, the amount of indole was low when TnaA foci were numerous (during early to midexponential growth) but increased as the foci disappeared and TnaA became more diffuse (during mid-to lateexponential phase) (Fig. 2c, WT) . Thus, it is possible that focus assembly may inhibit the enzyme activity of TnaA and regulate tryptophan degradation or indole production. Consistent with this supposition, indole production increased during those times when TnaA-sfGFP was located more diffusely in cells lacking either cyaA or crp (Fig. 2c,  DcyaA or crp) . On the other hand, even though adding glucose to the medium caused TnaA-sfGFP to become more diffuse, indole production was also low (Fig. 2c , WT in LBglucose). This latter result indicates that the inhibitory effect of glucose is mediated by a mechanism other than by changing the distribution of TnaA within the cells.
Finally, we determined if other sugars inhibited TnaA in the same manner by adding various carbohydrates to the strain expressing TnaA-sfGFP continuously (E. coli GL619). TnaA activity (as measured by indole production) was inhibited by the PTS carbohydrates glucose, fructose, mannose and N-acetyl-D-glucosamine, as well as in the presence of the non-PTS carbohydrates arabinose, lactose, maltose and xylose (data not shown). Indole production remained high in cells grown in the presence of the non-PTS carbohydrates glycerol and acetate (data not shown). The fact that all these carbohydrates inhibited indole production in cells constitutively producing TnaA-sfGFP means that these compounds affected enzyme activity independently of their ability to elicit or suppress catabolite repression or other transcriptional control.
Inhibition of TnaA is not caused by known mechanisms associated with carbohydrate metabolism
We assayed TnaA activity by following indole formation in whole cells, which means the cells must import tryptophan from the medium to produce sufficient amounts of this product (Li & Young, 2013) . Thus, if adding glucose inhibits tryptophan uptake, then no indole would be produced, making the assay unreliable. This is conceptually possible because carbohydrate metabolism produces a phenomenon known as inducer exclusion in which dephosphorylated EIIA Glc (encoded by the crr gene) inhibits the utilization of several non-PTS sugars, such as lactose, melibiose and maltose, by binding to their transport proteins (Deutscher et al., 2006; Escalante et al., 2012) . However, tryptophan uptake decreases by only 11-27 % in the presence of glucose (Isaacs et al., 1994) , an effect too small to explain the large and immediate reduction of TnaA activity observed here. In addition, mutants unable to synthesize tryptophan grow in medium containing glucose plus tryptophan, proving that glucose does not inhibit tryptophan uptake. Nonetheless, we tested the possibility that carbohydrate-induced inducer exclusion might still affect tryptophan import. We deleted crr from a strain that expressed TnaA-sfGFP constitutively (E. coli GL665) and grew the cells in the presence of fructose, which is a good PTS carbohydrate that is transported by a pathway using EIIA Fru instead of EIIA Glc , which is required for glucose utilization (Tchieu et al., 2001) . In this situation, TnaA was present continuously but the cells could not inhibit transport via the inducer exclusion mechanism. In these cells, indole production was decreased significantly (Fig. 3, Dcrr) , indicating that EIIA Glc was not responsible for inhibiting tryptophan transport or TnaA function. These results are consistent with previous findings that inducer exclusion does not regulate tryptophan uptake (Isaacs et al., 1994) , so this is not the mechanism by which glucose inhibits TnaA activity.
Carbohydrate metabolism produces acidic by-products that are secreted into the medium (Dittrich et al., 2005) . However, even when the environmental pH ranges from 5.5 to 9.0, E. coli maintains a stable intracellular pH of around 7.6 (Slonczewski et al., 1981) , so external pH is not likely to affect cytoplasmic TnaA. However, to rule out this possibility, we buffered LB medium with 100 mM sodium phosphate, pH 7.0, and retested the strain expressing TnaAsfGFP continuously (GL619). As before, adding glucose reduced indole production to~30 % of that which accumulated in the absence of glucose (Fig. 3, WT) , indicating that pH did not affect the post-translational regulation of TnaA.
TnaA activity also depends on the presence of intracellular potassium (Högberg-Raibaud et al., 1975) . However, in the presence of certain carbohydrates the EIIA Ntr protein (encoded by the ptsN gene) is dephosphorylated (Pflüger-Grau & Görke, 2010) , and this dephosphorylated product binds to and inhibits the potassium transporter TrkA, which decreases the concentration of intracellular potassium and thus reduces potassium-dependent gene expression (Lee et al., 2007 (Lee et al., , 2010 . Thus, the presence of glucose might inhibit the enzyme activity of TnaA simply by reducing potassium stores. If so, then adding glucose should not inhibit TnaA activity in cells lacking the ptsN gene because these cells would retain a high concentration of intracellular potassium (Lee et al., 2010) . In contrast to this prediction, a DptsN mutant that expressed TnaA-sfGFP continuously (E. coli GL741) produced little indole in the presence of glucose (Fig. 3, DptsN) , indicating that EIIA Ntr does not inhibit TnaA function.
Finally, to determine if glucose had a direct effect on the TnaA protein itself, we added glucose to soluble cell extracts and assayed TnaA activity in vitro. No amount of glucose inhibited TnaA enzyme activity under these conditions (data not shown), indicating that the glucose effect was mediated by an as yet unknown in vivo physiological effect.
Exogenous cAMP reverses tnaA repression but does not restore TnaA activity
In the above experiments we expressed TnaA-sfGFP constitutively so its activity could be measured in the presence of carbohydrates without the added complication of variable tnaA expression. As an alternative approach, we sought to re-establish or increase tnaA expression by adding exogenous cAMP to cells growing in the presence of glucose. First, we determined the concentration of exogenous cAMP required to restore a normal amount of tnaA expression to a DcyaA mutant, which cannot produce cAMP internally. In LB medium lacking glucose and in the absence of added exogenous cAMP, WT E. coli produced TnaA-sfGFP but the DcyaA mutant produced much less (Fig. 4a) . Adding 4 mM cAMP fully restored tnaA-sfgfp expression in the mutant, and adding 2-4 mM cAMP restored indole production to WT levels (Fig. 4a) . These results are consistent with catabolite repression of the tnaA gene and its reversal by increasing amounts of cAMP-CRP. Fig. 3 . TnaA activity is not inhibited via inducer exclusion or by potassium regulation. E. coli GL619 and mutants lacking Dcrr (strain GL665) or DptsN (strain GL741) each expressed tnaAsfGFP under control of the tufA promoter, so that each strain produced TnaA-sfGFP constitutively. Cells were grown in LB medium in which sodium chloride was replaced by 100 mM sodium phosphate, pH 7.0. Where noted, glucose (0.5 % w/v) was added to the WT and DptsN cultures, and fructose (0.5 % w/ v) was added to the Dcrr culture, when the cultures were started. sfGFP fluorescence and indole concentrations were measured at 4 h post-inoculation (at an OD 600 of 1.4). The plotted values are the percentages of fluorescence or indole per absorbance unit, with the control E. coli GL619 strain results set at 100 %. Values represent the mean±SD from three independent cultures.
We expected that exogenous cAMP would also reverse the repression of tnaA in E. coli grown in the presence of glucose. Instead, when 4 mM cAMP was added to LBglucose medium, WT cells produced only 16 % of the amount of TnaA-sfGFP, which was barely more than that produced by WT cells in the absence of cAMP (Fig. 4b,  WT, open bars) . This could be explained if glucose blocked cAMP uptake or if cAMP was removed or degraded so that intracellular cAMP concentrations remained too low to induce gene expression. We tested these possibilities by deleting tolC and/or cpdA, because these gene products export or degrade cAMP, respectively, thereby reducing intracellular cAMP levels (Hantke et al., 2011; Imamura et al., 1996) . Deleting both tolC and cpdA increased the amount of TnaA-sfGFP to 114 % of that produced by WT cells grown in LB medium alone (Fig. 4b, DtolC cpdA) . Thus, increasing the amount of intracellular cAMP induced the tnaA gene, as expected. The results also proved that glucose did not inhibit the uptake of exogenous cAMP. Surprisingly, however, this amount of gene expression did not result in greater amounts of enzyme activity. When cells were incubated in the presence of glucose plus 4 mM cAMP, the total amount of indole produced was less than 29 % of normal (Fig. 4b, DtolC cpdA, shaded bars) . TnaAsfGFP was present and stable under these conditions (Fig.  4c) , ruling out protein degradation as an explanation. Overall, the results indicate that glucose inhibits TnaA function by a post-translational mechanism that does not depend on intracellular cAMP levels.
CpdA reduces cAMP levels to a greater degree than does TolC
Deleting both tolC and cpdA was required to restore tnaAsfgfp expression to WT levels in cells grown in LB with glucose (Fig. 4b) . We noted, however, that deleting tolC alone increased tnaA-sfgfp expression to 24 % that of WT, while deleting cpdA alone increased gene expression to 66 % (Fig. 4b) . This suggested that CpdA was more important than TolC in regulating tnaA expression in response to exogenous cAMP. This conclusion was somewhat confusing because Hantke et al. (2011) reported that cells grown in LB produced more b-galactosidase (LacZ) in the absence of TolC than in the absence of CpdA, implying that cAMP concentrations are reduced more strongly by TolC export than by CpdA-mediated degradation. To ensure we were testing tnaA expression under the same conditions used in this previous study, we constructed a cyaA cpdA mutant (E. coli GL581) and a cyaA tolC mutant (strain GL583) and grew these cells in LB medium without glucose in the presence of different amounts of cAMP. Expression of tnaA-sfGFP responded more readily to exogenous cAMP when CpdA was absent than when TolC was absent ( TnaA-sfGFP was visualized by in-gel GFP fluorescence imaging. A small amount of sfGFP-only was released because of protein degradation, as indicated at the bottom of the gel. 5a). The cpdA mutant required about 0.35 mM cAMP to bring TnaA-sfGFP levels to half-maximum, whereas to produce the same effect the tolC mutant required about three times this amount of cAMP (~1 mM). These results confirmed our previous observations that CpdA removed intracellular cAMP more efficiently than did TolC, at least when tnaA-sfGFP was used as a reporter. The discrepant results might be explained if tnaA and lacZ respond differently to exogenous cAMP. To test this, we grew the above strains in LB medium without glucose and measured b-galactosidase levels. Again, the cpdA mutant required about 0.3 mM cAMP to bring b-galactosidase levels to half-maximum but the tolC mutant required three times this amount (~1 mM) (Fig. 5b) , consistent with the results for TnaA-sfGFP. Finally, we determined if the differences were strain dependent. K. Hantke graciously provided us with the original cyaA tolC strain H41, the cyaA cpdA strain H74 and the parental DcyaA strain BTH2 (Hantke et al., 2011) . We first tried to confirm the identities of the strains by diagnostic PCR but found that the tolC gene remained intact in strain H41 instead of being deleted. We therefore reconstructed a cyaA tolC double mutant in the BTH2
background (E. coli GL637). Again, in response to exogenous cAMP, indole production increased more in the cyaA cpdA mutant than in the cyaA tolC mutant (data not shown). The simplest explanation for the contrasting results is that the original H41 strain was incorrect, which confused the interpretation of previous observations (Hantke et al., 2011) . In short, both the TnaA and the b-galactosidase reporters indicate that CpdA plays a more dominant role than does TolC in reducing cellular cAMP levels.
TolC role in cAMP removal
Mutants lacking TolC express slightly higher levels of cAMP-regulated genes, indicating that TolC makes at least some contribution to controlling intracellular cAMP levels. However, this phenotype of tolC mutants had never been complemented with WT TolC, so it remained possible that the effects might be due to polar effects on the expression of genes downstream of tolC. To rule this out, we transformed pTacTolC into the cyaA tolC strain GL583. This plasmid carries WT tolC under control of an IPTGinducible promoter. Production of WT TolC completely reversed the higher level of TnaA-sfGFP production in a tolC mutant (Fig. 6 , pTacTolC at 50 mM IPTG), indicating that TolC does play a role, either directly or indirectly, in regulating the intracellular concentration of cAMP.
Glucose terminates tnaA expression in a tolC cpdA mutant
The preceding results showed that active CpdA and TolC prevented expression of tnaA-sfGFP in LB-glucose medium supplemented with cAMP ( Fig. 4b , WT, open bars). Because these proteins lower cAMP levels, we expected they would also help terminate TnaA-sfGFP production when various sugars were added to growing WT cells (because these cells synthesize cAMP internally). The prediction was that deleting tolC or cpdA would impair the removal of cAMP so that gene expression would remain high even when glucose was added. We therefore measured the time course of TnaA-sfGFP production in tolC, cpdA and tolC cpdA mutants before and after addition of glucose. In LB medium without glucose, all strains produced TnaA-sfGFP with a time course and at levels that were equivalent to those produced by WT cells (Fig. 7a) . Apparently, when both tolC and cpdA are absent, any increase in intracellular cAMP does not increase the amount of tnaA expression over that found in WT cells. However, when glucose was added to any of these strains during mid-exponential growth, production of additional TnaA-sfGFP ceased immediately (Fig. 7b) . These results indicated that a mechanism independent of CpdA and TolC terminates tnaA transcription or translation in the presence of glucose, either by rapidly eliminating intracellular cAMP or by some other means.
Conclusions
Bacteria must maintain a suitable intracellular concentration of cAMP and must adjust this level quickly if they are to respond appropriately to a fast-changing environment. E. coli regulates cAMP production by controlling the activity of adenylate cyclase (CyaA), but can also remove intracellular cAMP via hydrolysis or export (Hantke et al., 2011; Imamura et al., 1996) . We confirmed that TnaA and b-galactosidase are produced in higher amounts when TolC is absent, but we also found that these two enzymes are made in even greater amounts if CpdA is absent. Thus, cAMP hydrolysis by CpdA appears to play a larger role in controlling the intracellular concentration of cAMP than does export by TolC. Finally, in addition to being regulated by catabolite repression via cAMP, the presence of certain carbohydrates inhibits TnaA activity, indicating the existence of a novel post-translational mechanism that is connected to the metabolic state of the cell. Glucose addition rapidly inhibits expression of tnaA-sfgfp even in the absence of tolC and cpdA. WT (GL69), DtolC (GL493), DcpdA (GL491) and DtolC cpdA (GL500) cells were grown in LB medium without glucose (a) or in LB medium where 0.2 % glucose was added at time 2.5 h (b). Each measurement represents the mean±SD of three independent cultures.
